Serological typing has been used to study competition between five s t h of R h W a m t?.iifolii in growth and nodulation with four species of host. Although a proportion of non-reacting antigenic variants appears to have been encountered, the serological method remains uniquely suitable for studies of this kind.
SUMMAR,Y:
Serological typing has been used to study competition between five s t h of R h W a m t?.iifolii in growth and nodulation with four species of host. Although a proportion of non-reacting antigenic variants appears to have been encountered, the serological method remains uniquely suitable for studies of this kind.
Irrespective of host species or level of inoculum the population of bacteria in the tube of seedling agar approached a maximum of approximately 4 x 1W viable cells per ml. N o consistent relationship was found between host species and the proportion of the several strains of rhizobia in the population outside the plant. The relative h.equency of strains was, however, markedly affected by level of total inoculum and time of growth after inoculation. Some strains grew better at first but reached a lower maximum than others which fared better at higher population levels, whether from a heavier inwulum or prolonged growth. The population on the root surf' itself failed to reflect any marked host influence in the balance between StFainS.
The proportions of strains found in the nodules were unrelated to their representation in the root's external environment. Each host exercised a specific selective effect in this regard.
Factors which determine the balance between strains of root-nodule bacteria (Rhi#obizcm species) that are in competition with each other for growth and nodulation are likely to be of considerable practical and theoretical significance. Nitrogen fixation by a legume growing in a soil containing parasitic rhizobia will depend on the ability of an effective strain to compete with the ineffective bacteria. This will be true whether the effective strain is introduced as inoculum or is already part of the local bacterial flora. This aspect of the legume symbiosis is also interesting from an ecological point of view. The technique of serological typing opens up possibilities for investigating the effect of host species on the competitive balance between rhizobial strains. This account deals with our experience with four species of clover, each associated with five strains of clover nodule bacteria (Rh. trifolii). OrganismS. The source and nitrogen-fixing ability of each strain is given in Table 1 . They were all serologically distinguishable. 
METHODS

Hosts
Total
160
Number of rhixobia in the root'$ ezternal enwironmnt. The whole contents of the tube was shaken vigorously 25 times with 100 ml. sterile water to give a first dilution, c. 1/10. Subsequent dilutions and plate counts were set up in the usual way.
Estirnation of proportion of each straia in the external environment. Twenty separated colonies conforming to the characteristics of rhizobium, but otherwise taken randomly, were picked separately to yeast mannitol agar slopes and the growth typed by testing a suspension (made up in 0.9% saline and heated at 100' for 30 min. to destroy the less specific flagellar antigens) against the range of sera at dilution 1/100. Control suspensions without serum were set up at the same time to detect unstable antigen. Typing-nodule isolates. Six-week-old plants were removed aseptically from the agar and rinsed in sterile water, so that the suspensions could be used to Competition amongst root-nodule bacteria 359 estimate the proportions of the various strains in the root environment at that stage. The whole root surface was then sterilized with ethanol and 0.1 yo (W~V) HgCI, for 2 min,, washed in six changes of sterile water, and the contents of separate nodules streaked on plates of yeast mannitol agar. As far as possible, ten nodules were taken from each plant, the position of each relative to the crown of the plant having been recorded. The culture for serological typing was then developed from a characteristic and well-separated colony.
PTesentatiOlz ofresults. Original data are given in full. In considering the results it is more convenient to express the proportions of each strain as a percentage of the total, but x 2 tests, on which conclusions as to significance have been based, have all been calculated on actual numbers. Table 2 gives the logarithms of viable counts for duplicate tubes of each treatment. Generation time and total growth at 10 days are little, if at all, affected by the species of host. The former is consistently shorter for the earlier time interval and at the lower inoculum levels. By 10 days all treatments have reached approximately the same level: 40 x 106 per tube. The lowest inoculum (Ml) reached this level by 12 days, the only occasion of testing.
RESULTS
Total viable population at 3 and 10 dags
Ratio of straizs in the tube population
The full data are set out in Tables 3 and 4 . The large proportion of isolates that fail to react with any of the testing sera calls for some comment. A plant test gave nodulation with all but one out of twenty-two such cultures from %day material. They cannot, therefore, be dismissed as non-rhizobial contaminants. Moreover, re-isolates from these nodules were all identified as one or other of several of the strains in these proportions: strain 86, 1; strain 157, 2; strain 204, 5; strain 284, 13. The application of this ratio to the total 3-day negative reactors appears reasonable. Whether it can be applied to the more numerous 10-day negative reactors is more doubtful, and data will be considered with and without this adjustment.
Agreement between duplicate tubes. It will be seen from Table 3 that there is fair to good agreement between the contents of duplicqte tubes. The distribution of culture types, including the unstable and negative cultures, was tested by x2 for each pair of duplicate tubes. This gave twenty-four series of x2 each with 6 D.F. Only one of the series (3 days, &, white clover) gave a significant difference between duplicate tubes (x2 = 16.1 ; P = 0.02 -0.01). The remaining x2 ranged from 2.2 to 12-2 (P from 0.9 to 0.10 -0.05). Total x 2 (144 D.F.) was
The variation between duplicate tubes for strain 157, using all comparisons available in Table 3 , with minor adjustments to bring all cases to the basis of a total of 20 per tube, gave a standard deviation for each tube of f 2.0.
Remaining calculations have been based on the totals of duplicate tubes except in the subsidiary test with inoculum Ml ( 
M4
Grand totals Although in three of the six cases the x* test is significant, there are no marked trends due to host. (Fig. 1A, B Proportion of straim in the immediate root elzvironment, A subsidiary test (inoculum MI, 12 days) was made to determine whether the population closest to the root showed any greater host effect than the growth elsewhere in the seedling agar (Table 4) . Although in this smaller test there were significant departures from random distribution, this was no more marked in the root than in the agar population. The proportions of strains on the roots and in the agar, based on the totals for all hosts, were not different (P=0*2 -0.1). I n more detail this was the result with each host : one occasion.
(8 days, q).
(a) Red clover: excess 297 (agar similarly, the analysis of strain 157 showed a highly significant change in proportion of the strain with time (F, 1/24 =35*6, P < 0-01).
Comparing the 10-day with the 6-week result above, strains 204 and 284 were more common on the later occasion, negative reactors less frequent.
x2 (6 D.F.)=51*2, P<O*OOl.
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In$wnce of i d w m leuel. There is a definite shift in the relative proportion of strains according to the size of the inoculum (Fig. 2A, B) . This is most marked at 8 days ( Fig. 2A) , but can be seen in the 10-day result as well (Fig. 2B) . These results are statistically highly significant: The analysis of strain 157 showed a significant change with inoculum level (F, 2/24 = 4.8 ; P = 0.05 -0.01).
Ratio of &rains in the nodules
Full data for the several inocula levels are set out in Table 5 . The agreement between replicate tubes is probably as good as could be expected for the necessarily small numbers per tube. A ~3 test has been applied to the distribution of culture types for cases having replicates. In no case was there any significant difference between replicates. Total xa (182 D.F.) was 120.0, P > 0.9.
The standard deviation of strain 157, based on the replicate tubes in the M, data was f 1.4. Totals of replicates are utilized in subsequent comparisons.
In$uence of the host. Percentages for the separate hosts (inoculurn levels pooled) are plotted in Fig. 1C . Unlike the cultures obtained from the growth outside the root, the proportion of the several strains found in the nodules is markedly affected by the host species. Considering the distribution of strains for the four hosts at each inoculum level: 
M, Mrl
M4
All (Fig. 1C) The analysis of 157 obtained from the plants of the M, tubes for which several replicates were available showed a highly significant host effect (F, €318 = 18.5, P < 0.01).
.In$uewe of imeulum level. On the other hand, the proportion of strains for the one host is largely independent of inoculum concentration. Taking the data for each host separately, there was a significant inoculum effect in the case of white clover but this is almost entirely due to the results in a single tube with inoculum M4: The variant tube with white clover had a larger proportion of strain 157 and less 284 than for the three inocula generally. The results with all hosts are significant, but this is due to some excess of 157 and deficiency of 204 and non-reactors in inoculum M4. No real trends can be detected in these results.
cmpet&on ammgst root-nod& bacteria Negative reactors again require some consideration. In cases which were first negative, duplicate cultures picked from the same plates were in many cases positive to one of the testing sera. The ratio of strains represented by these cases was practically the same as the ratio for strains positive on the first occasion. This fact, and the relatively small proportion of negative reactors amongst nodule isolates, seems to indicate that such non-reactors would not seriously interfere with the estimate of strain proportions based on the positive cases.
The saline unstable controls, so common with subterranean clover (Fig. 1 C) , are more difficult. However, even if on this account subterranean clover were excluded, the selective effect of the host plant would be apparent with the other three species.
Relationship between proportion of strains outside the root and in the nodules It is clear from the data already given that, under the conditions of this experiment, where several strains have been able to grow together in the root environment, success in forming nodules need have little to do with their relative growth outside the root. This will be seen: (i) by comparing the major influence exerted by the four hosts on the strains producing nodules (Fig. 1 C) with their insignificant effect on the population outside the plant (Fig. 1 A, B) ;
(ii) by observing the failure of increasing inoculum concentrations to produce in nodules the same trends (decreasing 157, increasing 297) which are so marked amongst the corresponding populations outside the plant (Fig. 2 C,  cf. A and B) .
Moreover, examination of the relative position of each nodule on the root failed to show any relationship between this and the strain responsible for the nodule. There was, for example, no tendency for strain 157, which grew so well at firsf,, to be relatively more represented amongst the early formed nodules, nor for strain 297, which largely dominated the late population, to be better represented amongst the younger nodules.
DISCUSSION
The performance of strains in the nodulation of each host can be set out in decreasing order : Competition amongat root-nodule bacteria
Crimson
Subterranean
369
At first glance one might be tempted to see some significance in the general occurrence of highly effective associates amongst those best able to produce nodules competitively. Strain 157 with crimson clover is, however, a striking exception which, taken with the fact that more effective than ineffective associations were involved amongst the host + bacterium pairings, is adequate warning against any generalization in this regard from the present data,
The evidence that competitiveness in nodule formation need not have any relationship to the relative vigour of growth outside the plant fails to support the generality of the conclusions reached by Nicol & Thornton (1942) based on the few instances they were able to study with the means then at their disposal. The conclusion that the nature of the host can so clearly determine relative success in nodulation amongst strains without reference to their relative number in the plant's immediately external environment opens up the interesting question as to the stage in the invasion process at which this selectivity operates: at the point of root hair invasion or by deterrnining survival and growth of cells that have gained entry?
The fact that more than one serological type has not been isolated from the same nodule under conditions such that different nodules on the one plant were commonly inhabited by different strains (Hughes & Vincent, 194%) is perhaps relevant. It does not, however, provide any basis for a firm decision in favour of either of the possibilities noted above.
Relative infectivity of the strain on each of the hosts, so far as it can be assessed by earliness of nodulation and the number of nodules formed, provides at the best only a partial explanation of the host specificity reported in this paper. Unpublished data, obtained by Bockman in this laboratory by testing each strain against each host in single culture, relate both criteria reasonably well to nodulation competitiveness in the case of red clover. With the other three hosts, however, the evidence is either inconclusive or contradictory.
On the practical side, knowledge of host preferences might materially assist in the better selection of inocula for field use. This could be important in competition between inoculum and an established parasitic rhizobial population. It might also provide a solution to the difficulties associated with the simultaneous sowing of inoculated seed of two or several clover species, for which it is often difficult to find the one strain equally effective in nitrogen fixation. Strains could be chosen such that those effective for a particular host would also dominate that host's nodulation. On the present data, for example, a mixed sowing of red and subterranean clovers could be inoculated with a mixture of strains 157 (for r$d) and 297 (for subterranean). On the other hand, the use of mixed inocula without knowledge of host preferences would be quite irrational.
The position of negative reactors remains a somewhat unsatisfactory feature of the test. Their effect on the total result can be detected and allowed for in experiments of this kind because all isolations are expected to react with one or other of the test sera. In field tests, on the other hand, where failure to react with the test sera is taken as evidence of ' native ' rhizobia, the uncertainty introduced by this phenomenon is more serious. One cause of trouble,
